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Mammalian eggs and embryos rely upon mitochondrial ATP production to survive and proceed through preimplantation development. Ca2+
oscillations at fertilization have been shown to cause a reduction of mitochondrial NAD+ and flavoproteins, suggesting they might also cause
changes in cytosolic ATP levels. Here, we have monitored intracellular Ca2+ and ATP levels in fertilizing mouse eggs by imaging the fluorescence
of a Ca2+ dye and luminescence of firefly luciferase. At fertilization an initial increase in ATP levels occurs with the first Ca2+ transient, with a
second increase occurring about 1 h later. The increase in cytosolic ATP was estimated to be from a prefertilization concentration of 1.9 mM to a
peak value of 3 mM. ATP levels returned to prefertilization values as the Ca2+ oscillations terminated. An increase in ATP also occurred with other
stimuli that increase Ca2+ and it was blocked when Ca2+ oscillations were inhibited by BAPTA injection. Additionally, an ATP increase was not
seen when eggs were activated by cycloheximide, which does not cause a Ca2+ increase. These data suggest that mammalian fertilization is
associated with a sudden but transient increase in cytosolic ATP and that Ca2+ oscillations are both necessary and sufficient to cause this increase
in ATP levels.
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The viability and development of mammalian embryos
depends critically upon the generation of sufficient levels of
ATP (Dumollard et al., in press; Van Blerkom, 2004). The
predominant source of ATP generation in mammalian eggs and
early embryos is oxidative phosphorylation in the mitochondria,
which rely upon pyruvate in the surrounding media (Barbehenn
et al., 1974; Dumollard et al., in press; Leese, 1995).
Mammalian eggs are ovulated with ∼100,000 mitochondria
and the number of mitochondria in the developing embryo
remains the same during preimplantation development (Ankel-
Simons and Cummins, 1996; Duchen, 2004; Van Blerkom,
2004). In mouse, human and pigs eggs the presence of poorly
polarized, displaced or damaged, mitochondria is associated
with poor embryo development and apoptosis (Van Blerkom,
2004). This suggests that a reduced capacity to generate ATP is⁎ Corresponding author. Fax: +44 29 20744399.
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doi:10.1016/j.ydbio.2006.06.032a major factor in embryonic arrest. Furthermore, a transient fall
in ATP levels in the immature oocyte can have a knock on effect
in terms of poor preimplantation development (Van Blerkom et
al., 1995). Too much ATP production from overactive
mitochondria in some homozygous mouse strains has also
been correlated with early cleavage arrest (Ginsberg and
Hillman, 1975). Together these data suggest that the capacity
of early eggs and embryos to generate appropriate levels of ATP
from mitochondria will have a range of effects upon egg
morphology and developmental events. Consequently it is
critical to understand what regulates ATP levels in eggs and
embryos and how the usage of ATP can be coupled to
mitochondrial stimulation.
One factor that can regulate mitochondrial ATP production
in many somatic cells is the intracellular free Ca2+ concentra-
tion. (Allen et al., 2002; Jouaville et al., 1999; Kennedy et al.,
1999; Yu et al., 2005). At fertilization in mammals the sperm
initiates a long lasting series of Ca2+ oscillations that persist
until pronuclei formation (Kline and Kline, 1992a; Marangos
et al., 2003; Miyazaki et al., 1993). These Ca2+ oscillations at
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activation and embryo development (Kline and Kline, 1992a).
The sperm causes these Ca2+ oscillations via the generation of
inositol 1, 4, 5 trisphosphate (InsP3), and the increase in InsP3
has been proposed to be due to the introduction of a sperm
phospholipase Cζ (zeta) into the egg after gamete fusion
(Saunders et al., 2002). It has been recently shown that the Ca2+
increases at fertilization in ascidian and mouse eggs leads to an
increase in Ca2+ in the mitochondrial matrix (Liu et al., 2001).
In ascidian and mouse eggs the Ca2+ oscillations have been
shown to be associated with oscillations in autofluorescence of
NADH and flavoproteins (Dumollard et al., 2003; Dumollard
et al., 2004). These data suggest that Ca2+ oscillations might
stimulate an increase in ATP production in the mitochondria in
eggs.
Firefly luciferase has been long used as a sensitive and specific
detector of ATP concentrations in biological systems. When
injected or expressed in the cytoplasm of mammalian cells, or
expressed in bacteria, the luminescence from firefly luciferase has
been shown to report the dynamics of ATP changes during
physiological stimulation, growth, or stress (Allen et al., 2002;
Dumollard et al., 2004, Jouaville et al., 1999; Schneider and
Gourse, 2004). This is possible because the Km for ATP with
luciferase in the cytoplasm is in the millimolar range due to the
presence of intracellular proteins (Koop and Cobbold, 1993). In a
previous study on mouse eggs ATP was monitored during
fertilization by measuring the luminescence of intracellularly
injected firefly luciferase (Dumollard et al., 2004). There was
evidence for a small increase in ATP during fertilization, but this
was only seen in 9/25 eggs (Dumollard et al., 2004). Since it was
not possible to measure Ca2+ at the same time as monitoring ATP,
it was also not possible to establish any relationship between ATP
and Ca2+. Other studies have used Mg2+ sensitive fluorescent
dyes to monitor ATP in an indirect manner (Igarashi et al., 2005).
This suggested a transient decrease followed by a sustained
increase in ATP during Ca2+ oscillations at fertilization, but only
in freshly ovulated eggs; aged eggs showed a decrease in ATP
during fertilization (Igarashi et al., 2005). The general relationship
between Ca2+ and ATP levels in eggs is also unclear because
measurements of total ATP levels in sea urchin and fish eggs
suggest a substantial decrease in ATP during egg activation (Epel,
1969; Monroy, 1965; Wendling et al., 2004).
In this report we have monitored the dynamics of cytosolic
Ca2+ and ATP levels by measuring the fluorescence of a Ca2+
sensitive dye and the luminescence of firefly luciferase in indi-
vidual mouse eggs. We show that Ca2+ oscillations in fertilizing
mouse eggs are associated with a sudden rise in intracellular ATP
levels, regardless of ovulatory age. The rise is transient and occurs
in two distinct phases during the course of the Ca2+ oscillations.
We then show that a Ca2+ increase in the mouse egg is both
necessary and sufficient to cause an increase in ATP levels.
Materials and methods
Gamete collection and handling
Metaphase II eggs were collected from MF1 female mice (∼4–6 weeks old)
that had been induced to superovulate via injection of 5IU of pregnant mareserum (PMS, Follligon) and 10IU of human chorionic gonadotrophin (hCG,
Folligon). Eggs were recovered 14 h post-hCG into M2 media to which
hyaluronidase was added to remove the cumulus mass from the eggs. Mouse
sperm (12–24 weeks old), was collected from the cauda epididymis of
CBA×C57 male mice. The sperm were capacitated in T6 media for 2 h prior to
use.
Microinjection and maintenance of eggs
Microinjection procedures were carried out as previously described
(Saunders et al., 2002). Briefly, eggs were microinjected using pressure pulses
applied to the back of micropipettes inserted into eggs using overcompensation
of the negative capacitance of a serially connected electrical amplifier. The
volume of solution injected was estimated by the diameter of cytoplasmic
displacement caused by the injection; which was approximately 3–5%. Eggs
were injected with a solution containing 7.5 mg/ml firefly luciferase and 0.5 mM
Oregon green BAPTA dextran (pipette concentrations). The zona pellucidas
were removed via treatment with acidic Tyrodes solution and then the eggs were
attached to a polylysine-coated coverslip that formed the bottom of a heated
(37°C) chamber on an inverted microscope. Eggs were maintained in HEPES
buffered KSOM media containing 100 μM luciferin (Dumollard et al., 2004).
The luminescence signal was allowed to equilibrate for approximately 1 h before
the addition of sperm or chemical stimuli. For PLCζ experiments, eggs were
injected with (pipette concentration) 0.4 mM Oregon green BAPTA dextran,
6 mg/ml firefly luciferase and 0.02 mg/ml of mouse cRNA PLCζ. For BAPTA
experiments, eggs were injected with 20 mM BAPTA, 0.4 mM OGBD and
6 mg/ml firefly luciferase (pipette concentrations). Oregon green BAPTA
dextran was obtained from Molecular Probes. Thapsigargin was obtained from
Calbiochem. PLCζ RNA was made as described previously (Saunders et al.,
2002) and supplied by Chris Saunders. Unless otherwise stated chemicals and
media were obtained from Sigma.
Imaging of fluorescence and luminescence
Fluorescence and luminescence were both imaged in the same sets of eggs
using a Nikon TE2000 microscope equipped with a 20× 0.65NA Fluor objective
lens. The light (100%) was directed via a sideport to a cooled intensified CCD
(ICCD) camera equipped with an intensifier with a S20 type photocathode that
was cooled to −10°C. The ICCD camera, a peltier cooler, and software for
control and analysis were supplied by Photek Ltd (www.photek.co.uk). The
emitted light passed through a fluorescence filter block and was used with a
505 nm dichroic mirror and 500 nm longpass filter. The fluorescence of eggs
was measured by intermittent opening of a shutter that was placed in the path of
fluorescent excitation light from a halogen lamp. The excitation light to excite
Oregon green BAPTA dextran was from a bandpass filter allowing light through
at wavelengths from 450–490 nm. The fluorescent and luminescent emission
light was collected through the same filer set and hence at all wavelengths above
505 nm. The fluorescence and luminescence were then measured in a repeated
cycle of 2 or 10 s and the image files stored in separate but linked data files. The
sensitivity of the ICCD camera could be changed so it alternated between 100%
sensitivity for 10 s when monitoring luminescence to 10% sensitivity for 10 s
when monitoring fluorescence. In most cases the fluorescence was recorded
with this protocol and with the camera sensitivity on 10% and the fluorescence
was 10–100 times greater than luminescence. In some experiments fluorescence
and luminescence were both recorded with the same 100% camera sensitivity.
For these recordings the mean of the luminescence signal just before and after
each fluorescence measurement was subtracted from the value obtained from the
intensity during fluorescence excitation to obtain the real fluorescence value
from each egg. The luminescence values in experiments represent the absolute
number of measured photon counts per second. In contrast the intensity of
fluorescence is displayed in arbitrary units and the offset of traces in the y-axis
was adjusted for the sake of presentation.
Measurement of ATP levels in eggs
Groups of 5 eggs were placed into a test tube containing an assay mix
(Sigma) that contained firefly luciferase and luciferin. The tube was held in a
custom made luminometer that was equipped with a cooled S20 photomultiplier
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that consisted of an intracellular buffer (20 mM HEPES, 140 mM KCl and
5 mM NaCl), plus 20 μM digitonin, 1 μM FCCP and 10 μM iodoacetate. The
mean luminescence counts was established after lysis of groups of 5 eggs and
the ATP content per egg was estimated using a calibration curve that was
generated as described by Allue et al., 1996. All values stated throughout this
publication are the mean±s.e.m., also all comparisons were done using the
students unpaired t-test and were stated as significant when a P value of less
that 5% was obtained.Fig. 2. (a) The fluorescence and luminescence images are shown of a group of
eggs that had been injected with both firefly luciferase and OGBD. The left side
of the image are the eggs luminescent signal; the right side of the image is the
same group of eggs showing their fluorescent signal, which is in arbitrary units.
(b) Shows a trace of the changes in luciferase luminescence (L) and OGBD
fluorescence (F) when an egg was exposed to 1 μM FCCP (typical of 15 eggs).Results
Monitoring Ca2+ and ATP dynamically in mouse eggs
The luminescence of firefly luciferase has been used to
measure relative ATP levels in a wide variety of living cells
(Allen et al., 2002; Allue et al., 1996; Kennedy et al., 1999). Fig.
1a shows the luminescence from a single mouse egg injected
with 7.5 mg/ml firefly luciferase and incubated in 100 μM
luciferin. As reported previously in eggs and other cells, there
was an initial decline in luminescence that was complete with
the first hour of recording (Dumollard et al., 2004). This was
then followed by a relatively stable period of light emission that
lasted for many hours (8 h). In many eggs there was then a slight
increase in luminescence but this typically occurred over 6 h of
recording. In prolonged recordings the luminescence was found
to eventually decline to half the starting value in about 16 h.
This shows that the luciferase from single eggs is stable for
periods of several hours. In subsequent traces the initial declineFig. 1. (a) Shows the typical luminescence (L) signal (y-axis represents
cps=counts per second) from a mouse eggs injected with luciferase over the
initial 6 h of recording (n=6). (b) The luminescence (L) recorded is shown for an
egg injected with firefly luciferase and then fertilized with sperm. The
luminescence trace is shown for 6 h at the end of which the egg was verified to
have formed a 2nd polar body and two pronuclei (n=6).in luminescence is not shown since the luminescence was
allowed to stabilize before the start of experiments.
Fig. 1b shows the trace obtained when eggs were fertilized
and luminescence only was recorded for several hours. It can be
seen that there was a two-phase increase in the luminescence
signal that occurred in all eggs (n=6), with each phase of
increase taking place over a 30 min time frame. All such eggs
went on to form pronuclei. These data suggest that fertilization
is associated with a rise in ATP levels. The first change in
luminescence was to 124±3.9% (n=6), and the second change
was to 148±6.3% (n=6) of the prefertilization level. However,
we cannot be sure when changes occurred with respect to the
Ca2+ oscillations that activate the eggs. Consequently, we
sought to measure both Ca2+ and ATP in the same fertilizing
eggs.
The image in Fig. 2a shows a group of eggs that were both
luminescent and fluorescent. This was due to the fact that we
had coinjected eggs with firefly luciferase, to measure ATP, and
Oregon Green BAPTA dextran (OGBD), to measure Ca2+. The
luminescence image is collected for 10 s with the ICCD at
maximum sensitivity and with all illumination sources closed.
The fluorescence image is collected for 10 s with the ICCD at
reduced sensitivity (10%) and a shutter opened to illuminate the
eggs with excitation light. By switching back and forth between
these two modes of imaging we could collect luminescence and
fluorescence signals from the luciferase and OGBD loaded
eggs. In order to verify that both the luciferase and OGBD we
injected could respond to ATP and Ca2+ changes respectively,
we added the mitochondrial uncoupler FCCP. In previous
Fig. 3. (a) Shows a trace of both luminescence (L) and fluorescence (F) signal
from a single egg. The graph shows an initial and secondary change in
luminescence signal occurring during Ca2+ oscillations after the addition of
sperm, which is indicated by the arrow. In (b) a similar experiment is show to (a)
but the recording displayed is extended to show the full extent of the
luminescence change during and after Ca2+ oscillations at fertilization. In (c) the
response of a single egg during fertilization is shown with a different time
resolution in order to illustrate that the luminescence increase occurring during
the 1st Ca2+ increase at fertilization.
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to mouse eggs has been shown to cause a large decrease in ATP,
and to cause a rapid increase in intracellular Ca2+ (Dumollard et
al., 2004; Liu et al., 2001). This is because FCCP uncouples
mitochondria, stops ATP production and the lack of ATP then
inhibits Ca2+ uptake into intracellular stores. Fig. 2b shows the
changes recorded when 1 μM FCCP was added to mouse eggs
injected with luciferase and OGBD. There was a rapid decrease
in luciferase luminescence. The Ca2+ levels indicated by OGBD
fluorescence showed an initial rapid increase followed by a
slower and sustained rise. The patterns of change for both
probes are similar to those seen in previous studies carried out
on different sets of eggs (Dumollard et al., 2004). The data
support the idea that mouse eggs are dependent on mitochondria
for ATP production and that a high ATP concentration is
required to maintain resting Ca2+ levels. In addition our results
suggest that we can monitor the dynamic changes in
intracellular ATP and Ca2+ over the same time period in the
same sets of eggs.
Ca2+ oscillations at fertilization are correlated with an ATP
increase
Eggs that had been injected with OGBD and luciferase were
imaged as above, and inseminated with capacitated sperm. Figs.
3a and b show the familiar characteristic pattern of Ca2+
oscillations in fertilizing mouse eggs, as well as the changes in
ATP as indicated by luciferase luminescence. It can be seen
there is an increase in luciferase luminescence as soon as the
Ca2+ oscillations start at fertilization. Luminescence was
elevated during the period of Ca2+ oscillations in all eggs and
there was eventually a return to pre-fertilization levels (Fig. 3b).
Often the slow return started as the Ca2+ oscillations frequency
slowed down (Fig. 3b). Fig. 3c shows that the start of the
luminescence increase could be seen to occur during the first
Ca2+ transient at fertilization. The initial luminescence increase
occurred in all 38 eggs that showed Ca2+ oscillations. Figs. 3a
and b also show that there was a secondary increase in luciferase
luminescence. This secondary rise in luciferase signals occurred
in 34/38 eggs and occurred 60±23.1 min after the onset of Ca2+
oscillations that corresponds to the 9th Ca2+ oscillation (±0.9,
n=34). Only 4 of the observed eggs showed no substantial 2nd
increase in luminescence (Fig. 4a). It was not clear why some
eggs did not show the secondary luciferase increase but we
noted that the frequency of Ca2+ oscillations was significantly
higher, and the initial luminescence increase was lower in the
eggs where the second change did not occur (Table 1). The size
of the first Ca2+ spike was also significantly (P<0.005) lower in
eggs without the secondary increase in luminescence (Table 1).
Of all these factors, the smaller overall rise in luminescence in
these eggs, in particular, may have made it difficult to discern
whether a 2nd increase in luminescence had occurred.
The eggs in the above experiments appeared to be normally
fertilized since all eggs that showed Ca2+ oscillations formed
pronuclei at the end of the experiment. The increase in
luciferase luminescence was a highly consistent result in our
experiments. It occurred in all the above eggs that werecollected and fertilized within 18 h after hCG injection. When
we inseminated eggs that had been aged in vitro and fertilized
20–22 h after hCG injection, few eggs underwent Ca2+
oscillations. In cases where Ca2+ oscillations were seen, the
oscillations were of a significantly higher frequency compared
to fertilized fresh eggs. However, we still observed an increase
in luciferase luminescence (Fig. 4b and Table 1) despite the age
of the eggs and high frequency Ca2+ oscillations. In aged eggs
the second change in luminescence was detected at the 15th
spike (±4.0, n=4) but still typically around 60±6 min (n=4)
after the 1st spike occurred. This suggests that it is the time from
the first Ca2+ spike rather than the number of Ca2+ spikes that
determines when the secondary rise in ATP occurs in fertilizing
eggs. These data suggest that Ca2+ oscillations at fertilization
are associated with a sudden elevation of ATP levels in eggs,
regardless of post-ovulatory age. Furthermore, the increase in
Fig. 4. In (a) a recording is shown from an egg that underwent the initial change
in luminescence (L) at fertilization but failed to show the secondary increase. In
(b) the luminescence change is shown for an egg that was fertilized 22 h after
hCG injection. (c) Eggs were fertilized in the presence of high Ca2+ (10 mM) and
displayed a luminescence increase with very high frequency of Ca2+ oscillations.
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occur. Since high frequency oscillations in aged eggs still led to
an increase in luciferase luminescence, we fertilized fresh eggs
in high Ca2+ (10 mM) to test if ATP levels still increased whenTable 1
Ca2+ and luciferase luminescence response in eggs at fertilization
Luminescence
(%)±s.e.m. (1st change)
Unfertilized eggs (n=15) 102±0.3 (30 min)
Fertilized eggs (n=38) 131±2.3*
Fertilized old eggs (n=4) 131±11*
Fertilized eggs (no 2nd change) (n=4) 109±2.7*
Fertilized eggs (nocodazole) (n=12) 126±3.7*
Eggs were exposed to different conditions and both the luminescence and Ca2+ respon
relation to the initial luminescence value before the Ca2+ stimulus was applied. A
luminescence response for eggs exposed to Ca2+ stimuli were each compared to lumin
The frequency of Ca2+ oscillations at fertilization was compared to the eggs ferti
(**P<0.005).abnormally high Ca2+ oscillations were induced (Fig. 4c).
Indeed, a very high frequency of Ca2+ oscillations were
obtained, however, the luminescence still consistently increased
with the first Ca2+ transient, suggesting that, at fertilization,
ATP will always increase despite the frequency of oscillations
the egg undergoes.
The luminescence of luciferase that we are measuring is only
a relative measure of ATP levels. However, we can estimate the
absolute change in ATP from measurements of total ATP in the
eggs and extrapolation from the relationship between lumines-
cence and ATP. When we permeabilized groups of 5 eggs with
digitonin we found that the total ATP content in a single egg was
0.38±0.6 pmoles (n=25, 5 groups of 5 eggs). Assuming the
volume of an egg is 200 pl, we can then estimate the average
concentration of ATP in a single mouse egg to be 1.88±0.3 mM
(n=25, 5 groups of 5 eggs). From the relationship between ATP
and luciferase luminescence that we established using the same
conditions as described by Allue et al. (1996), we can estimate
that the peak luminescence increase to 160% we found in our
typical fertilization experiments corresponds to an ATP increase
to 3.02 mM.
The ATP increase is dependent upon Ca2+ oscillations rather
than meiotic resumption
The tight correlation between Ca2+ oscillations and the
luciferase luminescence increase suggests that the Ca2+
oscillations cause the ATP increase. To test if Ca2+ oscillations
are necessary for the ATP change we injected eggs with firefly
luciferase, Oregon Green BAPTA dextran, as well as a final
concentration in the egg of approximately 1 mM of the Ca2+
chelator BAPTA. When sperm were added to these eggs there
was no Ca2+ oscillations and no increase in luciferase lumine-
scence (Fig. 5a). In 10 such eggs we verified that sperm entry
had occurred at the end of the 6-h recording period by staining
the eggs Hoechst dye (Raz et al., 1998). These data, therefore,
suggest that a Ca2+ increase is required for the ATP increase at
fertilization.
We investigated if the continuous presence of Ca2+ is
required to maintain the apparent increase in ATP. To do this we
added sperm to eggs and waited for Ca2+ oscillations to start.
We then added BAPTA to the medium around the eggs (final
concentration 2 mM) to chelate the extracellular Ca2+. AsLuminescence
Change (%)±s.e.m.
Size 1st Ca2+
spike (%)±s.e.m.
Frequency/hour
of Ca2+ oscillations
104±0.2 (60 min) – –
161±4* 211±8.3 8.7±0.6
150±6.6* 183±11.7 15±3.8**
188±7.8 13±1.3**
217±13.7 7±1.3
se were measured for approximately 6 h. The percentage change is expressed in
ll values are the mean from the stated total number of eggs± the s.e.m. The
escence values from unfertilized eggs using students unpaired t-test (*P<0.005).
lized with sperm that had both the first and second change in luminescence
Fig. 5. The recording in (a) shows the response of an egg injected with 20 mM
(pipette concentration) of the Ca2+ chelator BATPA to prevent Ca2+ oscillations
during fertilization, the graph shows that no change in luminescence or
fluorescence was observed (n=9). None of these BAPTA injected eggs formed
polar bodies or pronuclei. In (b) the trace is shown from an egg undergoing IVF,
once Ca2+ transients began 20 mM BAPTAwas added extracellularly to stop the
oscillations. The luminescence signal declined when the transients stopped
(n=10). In (c) an egg was activated by 20 μg/ml of cycloheximide which does
not cause Ca2+ transients. This graph shows that no change in luminescence or
fluorescence was detected throughout the recording. This egg did not form a
second polar body but formed two pronuclei.
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stops, or reduces the frequency of Ca2+ oscillations. Fig. 5b
shows that when the Ca2+ oscillations stopped after the addition
of BAPTA, the luminescence signal started to decline.
Most parthenogenetic stimuli in mammals cause a Ca2+
increase in eggs, but protein synthesis inhibitors such as
cycloheximide can trigger meiotic resumption and pronuclear
formation without causing any Ca2+ increase (Bos-Mikich et al.,
1995). When eggs were treated with 20 μg/ml cycloheximide no
change in Ca2+ was seen and only a slight increase in
luminescence was recorded (Fig. 5c). The slight drift up in
luciferase luminescence to 115% (±5.0, s.e.m., n=16) wasrecorded over 4 h but this is not significantly different from the
drift up in signal over 4 h that is shown in Fig. 1a (116±1.2%,
n=15). This suggests the meiotic resumption by itself as such is
the not the cause of the increase in ATP during fertilization of
mouse eggs.
A number of agents can cause a rise in Ca2+ in mouse eggs.
Figs. 6a and b show that the addition of the Ca2+ ionophore
ionomycin, or, the Ca2+ ATPase inhibitor thapsigargin both
cause an increase in Ca2+ in mouse eggs (Kline and Kline,
1992b). They both also lead to a transient decrease in luciferase
luminescence. Thapsigargin stimulated eggs showed an increase
in luminescence after the initial decrease that was significantly
different (P<0.005) to the drift in luminescence signal recorded
over 30 min (Fig. 1a). For ionomycin stimulated eggs, 10/16
eggs also showed an increase (after the initial decrease) that was
significantly different (P<0.005) to the control drift over
30 min; the remaining 6 eggs showed a recovery of
luminescence to values similar to those seen before stimulation.
Both these stimuli cause a single increase in Ca2+ and a transient
ATP decrease.We tested the effect of two other stimuli that cause
Ca2+ oscillations. The addition of extracellular carbachol (Fig.
6c), or the injection of PLCζ cRNA (Fig. 6d) both cause
oscillations in unfertilized mouse eggs. Both these stimuli
caused Ca2+ oscillations in mouse eggs, which was associated
with a gradual increase in luciferase luminescence (see also
Table 2). The increase in luminescence was markedly slower
with carbachol, and since the oscillations do not persist the
increase in luminescence tended to occur after Ca2+ oscillations
had ceased. With injection of PLCζ cRNA the rise in
luminescence occurred in most eggs about 10 min after the first
transient (Fig. 6d), which is significantly later that the increase in
luminescence that occurs during fertilization (Table 1). The
frequency of Ca2+ oscillations were significantly lower in eggs
injected with PLCζ compared to normally fertilized eggs.
Carbachol and PLCζ are both expected to cause Ca2+
oscillations via the production of InsP3 (Saunders et al., 2002;
Swann, 1992). These data suggest that repetitive Ca2+ increases
generated by carbachol, or PLCζ can cause an increase in ATP.
However, under some conditions such as with non-specific
elevations of Ca2+ a decrease in ATP may occur in eggs.
Discussion
In this study we have monitored ATP with luciferase
luminescence and Ca2+ oscillations with a fluorescent dye in
mouse eggs as they respond to sperm at fertilization. To our
knowledge this is the first time intracellular ATP and Ca2+ have
both been monitored at the same time during a physiological
change in any cell type. The data we present suggest that Ca2+
oscillations at fertilization in mouse eggs are associated with a
definite increase in ATP levels from around 1.9 mM to 3 mM.
Furthermore, our results suggest that the ATP increase is
causally linked to the Ca2+ increases caused by the sperm.
When eggs were loaded with BAPTA to prevent Ca2+
oscillations the rise in ATP was blocked. Conversely other
agents that elevate intracellular Ca2+, such as ionomycin,
carbachol, PLCζ and thapsigargin, all caused an overall ATP
Fig. 6. (a) 5 μM of the Ca2+ ionophore, ionomycin was added to cause a Ca2+ transient and here we show the response of a single egg. The Ca2+ increase produced an
initial transient decrease in the luminescence (n=16). (b) The Ca2+ ATPase inhibitor, thapsigargin (5 μM) was added to produce a Ca2+ increase, the typical response
was a decrease in luminescence (n=16). (c) Carbachol produces an increase in intracellular Ca2+ via the InsP3 pathway, therefore, like that of both sperm and PLCζ.
This graph shows the response from one egg exposed to 10 μM of Carbachol, both fluorescence and luminescence increased (n=9). (d) 0.02 mg/ml of the PLCζ (zeta)
cRNAwas injected with OGBD and luciferase to activate eggs without sperm egg fusion. This trace is an example of the response of a single egg showing the first
change in luminescence occurring after the first Ca2+ transient. (n=12).
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mouse eggs is both necessary and sufficient to cause the ATP
increase. In contrast, an increase in ATP is not simply a
reflection of other events of egg activation because cyclohex-Table 2
Ca2+ and luciferase luminescence response in eggs exposed to Ca2+ releasing
agents
Luminescence
(%)±s.e.m.
2nd
luminescence
change (%)
±s.e.m.
Size 1st
Ca2+ spike
(%)±s.e.m.
Frequency/
hour of Ca2+
oscillations
Carbachol
(n=9)
117±3.3 189.7±9.6
Ionomycin
(n=16)
80±1.6 112±2.2
(n=10)
226±9.5
103±0.6
(n=6)
Thapsigargin
(n=16)
86.9±0.93 114±2.3 193±5.1
PLCζ
(n=12)
125±2.7* 133±2* 195±12 4±0.5**
Eggs were exposed to carbachol, ionomycin, thapsigargin, or, PLCζ to initiate
an increase in Ca2+, both the Ca2+ and luminescence response were measured
for several hours after the stimulus was applied or injected. The percentage
change is expressed in relation to the initial luminescence value before the Ca2+
stimulus was applied. All values are the mean from the stated total number of
eggs± the s.e.m. The luminescence increase (*), and Ca2+ oscillation frequency
(**), for PLCζ injected eggs was compared to the unfertilized eggs (*), and
fertilized eggs (**) respectively as shown in Table 1 (P<0.005 in both cases).imide treatment activates mouse eggs, but is not sufficient to
cause an increase in ATP.
Our finding that Ca2+ oscillations at fertilization lead to an
increase in ATP is consistent with studies using an Mg2+
sensitive dye to indirectly monitor ATP (Igarashi et al., 2005).
However, unlike Igarashi et al. (2005), we found that there was
a secondary increase in ATP in fertilizing eggs, and we found
that the ATP increase occurred in eggs of a variety of post-
ovulatory ages (Igarashi et al., 2005). The Mg2+-Green dye
method is an indirect method for monitoring ATP, compared
with firefly luciferase, and Mg2+-Green fluorescence is also
affected by Ca2+. Since firefly luciferase is a specific indicator
of ATP, the luciferase luminescence increase that we see at
fertilization is highly likely to reflect an increase in ATP
concentration. Our data, therefore, suggest that an ATP increase
is a consistent feature of activation during fertilization of the
mouse egg. The main other factor to consider for firefly
luciferase is that its luminescence depends upon intracellular pH
(Koop and Cobbold, 1993). However, there are no changes in
intracellular pH in mouse eggs during either fertilization or
parthenogenetic activation (Kline and Zagray, 1995, Phillips
and Baltz, 1996). This appears to be due to the lack of an active
Na+/H+ antiporter in the plasma membrane of mouse eggs
(Kline and Zagray, 1995, Phillips and Baltz, 1996).
Studies of metabolism suggest that glycolysis is blocked in
mouse eggs, zygotes and cleavage stage embryos which appear
to rely entirely upon mitochondrial oxidative phosphorylation
for ATP production. This explains why they are normally
232 K. Campbell, K. Swann / Developmental Biology 298 (2006) 225–233dependent upon pyruvate and lactate for the first few days of
development (Leese, 1995). The fact that we find that Ca2+
stimulates ATP production is consistent with the idea that each
cytosolic Ca2+ increases result in mitochondrial Ca2+ increases
that rapidly stimulate reduction of NADH and flavoproteins in
the mitochondria (Dumollard et al., 2004). This suggests that
Ca2+ influx into mitochondria plays a major role in regulating
the way in which ATP demand is met by extra ATP generation
during fertilization. Unfortunately it was not possible to
examine the effects of Ca2+ on mitochondria more directly
with ruthenium red derivatives because they appear to be
ineffective in blocking Ca2+ uptake into mitochondria in mouse
eggs (Dumollard et al., in press).
We used a number of agents to cause an artificial Ca2+
increase in mouse eggs. Although they all caused an eventual
increase in ATP it was noticeable that both ionomycin and
thapsigargin, which cause a single Ca2+ increase initially, lead
to a decrease in ATP levels followed by a recovery to, or slightly
above pre-treatment levels. The initial decrease is similar to that
reported in some somatic cells that are exposed to stimuli that
cause a large rise in cytosolic free Ca2+. This can cause
excessive ATP consumption by Ca2+ recovery mechanisms
outweighing any stimulation of ATP production (Jouaville et
al., 1999). Both ionomycin and thapsigargin probably cause a
non-physiological amount of Ca2+ to be released. In contrast,
both PLCζ and carbachol cause a more physiological series of
repetitive InsP3-induced Ca
2+ rises in eggs. These stimuli also
both produced an ATP increase that progressed as Ca2+
increases continued. This suggests that the induction of InsP3
mediated Ca2+ release in eggs provides a more effective way of
stimulating mitochondria to generate ATP without causing
excessive ATP consumption. This may be facilitated by close
contact between mitochondria and InsP3 receptors in the
endoplasmic reticulum (Duchen, 2004; Dumollard et al.,
2004; Hajnoczky et al., 1995).
The luminescence increase we observed in fertilizing mouse
eggs was distinctive in that there were two abrupt increases.
Whilst the initial and overall increase in ATP is consistent with
Ca2+ stimulation of mitochondrial metabolism (Dumollard et
al., 2004), it is less clear why a second increase in ATP occurred
after 1 h. At fertilization the mitochondrial flavoproteins show
oscillatory changes in reduction in synchrony with cytoplasmic
Ca2+ oscillations, without any sign of a two-phase change
(Dumollard et al., 2004). So it is unlikely that there is a twofold
increase in ATP production. One possibility may be that the
secondary change in ATP reflects a change in the balance
between the stimulation of mitochondrial ATP production and
ATP consumption. This idea would imply a decrease in ATP
consumption about 1 h into fertilization which could be related
to changes in cell cycle associated protein kinases.
The series of Ca2+ oscillations at fertilization would be
expected to cause a considerable increase in ATP hydrolysis
since Ca2+ release requires the requestration of Ca2+ by ATP
dependent pumps (Dumollard et al., in press). It might seem
surprising, therefore, that ATP levels increase in an apparent
‘overcompensation’ during sperm-induced Ca2+ oscillations.
However, the apparent overproduction of ATP is analogous towhat happens to polyphosphoinositides. At fertilization in sea
urchin and frog eggs there is large increase in the hydrolysis of
polyphosphoinositides that leads to the production of InsP3 and
diacylglycerol. Despite this there is an increase in the total levels
of phosphatidylinositol bisphosphate, PtdInsP2 (Turner et al.,
1984; Snow et al., 1996). It is possible that the egg has a bias
towards making more ATP than required at fertilization because a
decrease in ATP levels may be detrimental to embryo
development. For example it has been shown that transient
exposure of mouse oocytes to mitochondrial uncouplers leads to
a transient decrease in ATP levels (Van Blerkom et al., 1995).
Such exposed oocytes can go on to mature, fertilize and develop,
but the developmental rate is much more reduced compared to
control embryos (Van Blerkom et al., 1995). A transient fall in
ATP in somatic cells has also been shown to act as a trigger for
delayed apoptosis (Izyumov et al., 2004), and this would
obviously be detrimental to preimplantation embryos.
Previous studies have shown that the ATP content of eggs or
embryos is correlated with the success rates in embryo
development in mice and humans (Ginsberg and Hillman,
1973; Quinn and Wales, 1973; Van Blerkom et al., 1995). It has
been found that the ATP content of cow eggs correlates with
morphology and that eggs with a higher content of ATP showed
better rates of development to blastocyst (Stojkovic et al.,
2001). The implication is that ATP levels are an indication of the
health of mitochondria within the egg. However, other studies in
mouse eggs have not found a strong correlation between resting
ATP levels and the developmental capacity of eggs of different
types (Combelles and Albertini, 2003, Brevini et al., 2005). It is
possible that the resting level of ATP in an egg may not always
be the best indicator of mitochondria capacity. However, at
fertilization, where there is an increase in metabolic demand, the
size of increase in ATP we describe may prove useful as a more
stringent indicator of the ability of the eggs mitochondria to
support later development.
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